presence of a mosaic karyotype (Table 1) . Therefore, although some functionally dicentric dic(X)s show retarded segregation during mitosis, they are not inherently unstable and must, in most instances, overcome the evident anaphase lag. We propose that the mosaicism associated with most cases of dic(X) reflects chromosome malsegregation and loss at the time of dicentric formation, rather than an ongoing instability.
Our findings indicate several different mechanisms involved in ensuring the stability of dicentric chromosomes. Further, as the distance between centromeres in these dic(X)s has been established by physical mapping 13 , these data provide evidence for an influence of inter-centromere distance on centromere function. Larger dic(X)s appeared to be stabilized by centromere inactivation 12 , characterized by the absence of kinetochore proteins at one centromere 10 (data not shown). As the distance between centromeres decreased, however, centromere inactivation was not consistently observed, and both centromeres appeared capable of kinetochore assembly, as judged by the presence of CENP-C and CENP-E at two α-satellite regions (Fig. 1a,b ). That such functionally dicentric dic(X)s are mitotically stable implies a high degree of coordination between the two sets of active kinetochores over molecular distances of up to 12 Mb, ensuring ultimate orientation of the two kinetochores on each chromatid to the same spindle pole. Although all dic(X)s were stable, some experienced anaphase lag, perhaps indicating additional heterogeneity in the stabilization process. Similar heterogeneity in CENP staining has been noted for some dicentric human Robertsonian translocations, although centromeric distances were not reported in that study 14 .
Our results indicate that the presence of two functional kinetochores on a single chromosome does not invariably lead to chromosome instability and loss. As such, there may be degrees of dicentric instability determined by inter-centromere distance, the nature of the two centromeres and/or potential cell cycle checkpoint mechanisms 15 . Severe instability may result in anaphase bridge formation, chromosome breakage and chromosome loss [7] [8] [9] , and less extreme instability in chromosome lag without chromosome loss. [2] [3] [4] [5] . The frequency of DES-associated reproductive tract anomalies 6 and cancer 7 appears temporally related to the time of exposure, with most abnormal findings occurring in women exposed to DES in the first trimester. The specific molecular response to DES that fully accounts for the DES syndrome remains unknown. We recently reported that mice lacking Wnt7a have malformed female reproductive tracts 8 (FRTs). The observed phenotype closely resembles the reproductive tract morphologies observed in female mice prenatally exposed to DES (ref. 9) , and indicates that Wnt7a may have a role in the DES response in the developing FRT.
To directly compare the effects of loss of Wnt7a with the effects of DES in the FRT, we generated mice with DES-induced malformed FRTs using an established 1998 Nature America Inc.
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• http://genetics.nature.com correspondence nature genetics volume 20 november 1998 229 protocol 9, 10 . DES-exposed mice had shallow vaginal fornices, malformed oviducts that lacked coils, Wolffian duct remnants ( Fig. 1a) , vaginal concretions and adenotic lesions in the vagina 9, 11, 12 . Wnt7a -/-mice also had shallow vaginal fornices (data not shown) and malformed oviducts 8 . Similarly, Wnt7a -/-FRTs contained Wolffian duct remnants (Fig. 1b) , vaginal concretions ( Fig. 1c) and epithelial inclusions in the vaginal stroma (Fig. 1d ). Control FRTs (oil treated) had normal morphology and tissue cytoarchitecture (Fig. 1e) . DESexposed and Wnt7a -/-FRTs displayed stratified epithelium with reduced stroma and glands (Fig. 1f,g ). DES-exposed women were reported to display uterine abnormalities which were attributed to abnormal smooth muscle proliferation 13 . Both Wnt7a -/-and DES-exposed mice had a disorganized and thickened inner layer of smooth muscle (Fig. 1i-k) . Wnt7a is normally expressed perinatally in the luminal epithelium of the uterus 8 . As expected, Wnt7a was found to be expressed in the epithelium of the control uterus ( Fig.2 b,d ). In the DES-exposed uteri, however, low levels of Wnt7a transcripts were detected at birth (Fig. 2f) . Wnt7a expression in the DES-exposed uteri returned to high levels five days after birth (Fig. 2h) and was maintained at later stages (data not shown).
Previous studies have shown that cytodifferentiation of the female reproductive tract in mice is determined 5-7 days after birth and is dependent on mesenchymal-epithelial interactions 14 . After this time period, the uterine epithelium is no longer responsive to inductive signals from vaginal stroma 15 . Thus, the FRT has a critical temporal window during which key patterning events occur. We propose that the observed downregulation of Wnt7a during this critical window is sufficient to account for the mouse DES syndrome. DES-like substances such as tamoxifen have recently been shown to be effective in decreasing the incidence of breast cancer in premenopausal women, although uterine cancer increases twofold (NCI clinical trials web site, http://can certrials.nci.nih.gov). Understanding the molecular responses in breast and uterine tissues to steroidal pharmacological Fig. 1 Prenatal DES treatment mimics the phenotype of the Wnt7a -/-female reproductive tract. Pregnant CD-1 mice were treated with 200 µg/day of DES (Sigma) suspended in sesame oil, or with oil alone, on days 15-18 of gestation 9, 10 . The exposed female offspring were analysed on the day of birth (day 0) and at subsequent time points. Haematoxylin and eosinstained sections of DES-exposed and Wnt7a -/-FRTs displayed lesions including Wolffian duct (w) remnants (a,b). Wnt7a -/-FRTs displayed concretions (con) forming in the vaginal fornices (c) and epithelial inclusions in the vagina stroma (adenosis, d), lesions that have been described in DES-exposed mice 9, 11, 12 . e, Control (oil treated) uteri had simple columnar epithelium (inset), stroma (s) populated by glands (g) and compact layers of smooth muscle (h). f, Uteri from DESexposed mice had stratified epithelium (inset), reduced stroma, reduction or lack of glands and a disorganized inner layer of smooth muscle (i). g, Similar to DES mice, Wnt7a -/-uteri had stratified epithelium (inset), reduced stroma, lack of glands and a disorganized inner layer of smooth muscle (j,k). h-k, The organization of the smooth muscle layers is shown using a probe to the myosin heavy chain of smooth muscle. The photomicrographs are composites of the phase images and dark-field silver grains (green) to allow direct comparison of tissue and signal. The inner smooth muscle layer (ism) was compact and organized in the control uterus (h), but disorganized in the DES-exposed uterus (i). The disorganization of the inner smooth muscle in the Wnt7a -/-uterus was less pronounced at one month (j), but easily discernible by eight months (k). The luminal epithelium is denoted by double arrows. Scale bar, 50 µm (insets), 200 µm (a-k). 4−12) , but the pathogenic role of SMN2 is currently unknown. Recent studies suggest that SMN2 copy number may influence SMA disease severity, and that some SMN2 copies in the milder SMA phenotypes may arise from gene conversions 2, 4, 5, 13 . The source and function of SMN2 may therefore be quite different among the different SMA subtypes. We report here the first evidence that SMN2 may influence SMA disease severity through preferential expression of an alternative transcript in the more severe phenotypes. We obtained sixty RNA samples (22 severe type I, 14 intermediate type II, 14 mild type III SMA and 10 controls) from human lymphoblastoid cell lines, and found SMN1 to be homozygously deleted in all of them. NAIP, encoding the neuronal apoptosis inhibitory protein, and neighbour to SMN1, was also deleted in 14 type I, 4 type II and none of the type III samples. Quantitative RT-PCR was performed using primers flanking exons 5 and 8 of the SMN gene and primers flanking exon 2 of a single-copy human major histocompatibility complex gene, HLA-DQA1. The latter was included in the multiplex PCR as an internal standard. The PCR reaction was terminated at 22 cycles to ensure quantitative measurements during the linear phase. Measurements were also taken at 35 and 30 cycles. Results from these higher cycle numbers tended to obliterate the quantitative ratios (data not shown). The PCR products were then separated on a 2% agarose gel containing ethidium bromide. Densitometry analysis was applied using ImageQuant 3.3 software (Molecular Dynamics) to measure the band intensities. This experiment was replicated three times. RT-PCR (Fig. 1 ) generated a full-length SMN transcript (band a), an alternative spliced variant lacking exon 7 of SMN gene (band b) and the HLA-DQA1 internal standard (band c) in all samples except sample 3761; the latter appears to lack SMN2 but contains an intact SMN1. Its RNA contains no alternative transcript (band b), confirming the previous notion that the exon 7-deleted transcript originates only from the SMN2 copies 1 . Data collected from all 60 samples are summarized (Table 1) . Samples from control individuals give rise to approximately twice as much full-length as the alternative SMN transcript, and we found no significant difference in the amount of full-length transcript produced among the three SMA subtypes; each SMA subgroup produced approximately 40−45% as much 
